Abstract Species composites of Ag-N2, Ag-H2 and Ag-He plasmas in the temperature range of 3,000-20,000 K and at 1 atmospheric pressure were calculated by using the minimization of Gibbs free energy. Thermodynamic properties and transport coefficients of nitrogen, hydrogen and helium plasmas mixed with a variety of silver vapor were then calculated based on the equilibrium composites and collision integral data. The calculation procedure was verified by comparing the results obtained in this paper with the published transport coefficients on the case of pure nitrogen plasma. The influences of the silver vapor concentration on composites, thermodynamic properties and transport coefficients were finally analyzed and summarized for all the three types of plasmas. Those physical properties were important for theoretical study and numerical calculation on arc plasma generated by silver-based electrodes in those gases in sealed electromagnetic relays and contacts.
Introduction
Equations that describe the macro physical process of plasma such as electrical arcs in multiple fields like switches, welding as well as arc coating are the so-called magneto-hydrodynamic equations. They are equation of mass continuity, conservation equations of momentum and energy, and Poisson's equations of electric and magnetic potentials. Of all those equations the material coefficients are the thermodynamic properties and the transport coefficients. The thermodynamic properties, such as density, specific heat and enthalpy, as well as the transport coefficients including the viscosity, thermal conductivity and electrical conductivity, are the basic plasma properties which were used to describe the macro transportation process of plasma. Therefore, in order to analyze the plasma behavior theoretically and to simulate the plasma process numerically, those properties and coefficients in the possible temperature range of the plasma should be known ahead [1−3] through using either calculations or experiments. Among them, the calculation method is the most feasible method.
The first inevitable step for calculating the properties and the coefficients is to obtain the equilibrium composite of the objective plasma by either using the minimization of free energy [4] or by solving Saha's equation [5] . Having known the equilibrium composites of the plasma, one can directly get the density and specific heat by combining the mass, the enthalpy and the number density of each mass, and one can also obtain the viscosity and the conductivities by solving the Boltzmann equation with Chapman-Enskog approximation. The viscosity and conductivities of pure nitrogen plasma were published by Yos [6] , Capitelli [7] and Murphy [8] with certain consistence, which were used in earlier modeling of arcs both in switches and in welding. Transport coefficients of hydrogen were reported by Aubreton [9] , Stallcop [10] and Murphy [11] , whereas Chen [12] and Murphy [13] calculated those of helium in atmospheric pressure. In more sophisticated arc models especially those taking arc-electrode or arcwall interactions into consideration, the arc plasma is not a simple plasma generated by pure gases but a complicated plasma generated by the mixture of gases and out-gassing vapors [1−3,14−16] . In this field, researchers mainly focused on the transport coefficients of plasma generated by gases including air, nitrogen, argon, and sulfur hexafluoride mixed with metal vapor such as copper and iron at certain concentrations [2,17−19] .
Beside those metals, the silver element is also widely used in contactors and relays in the form of silver alloy contacts, and gases such as nitrogen and hydrogen are widely used in their sealed shells to help protect the contacts and accelerating arc extinguishing. Unfor-tunately, few thermodynamic properties and transport coefficients data were published in the plasma with silver involved [5, 20] , and even fewer data were reported in plasma generated by a mixture of gases with silver vapor [5] . Therefore, it is meaningful to study the basic properties and coefficients on the basis of the methods proposed by previous researchers, which may provide a foundation data for arc modeling and simulating in this regime.
In this paper, minimization of Gibbs free energy was firstly selected to calculate the equilibrium composite of plasmas generated by mixtures of silver with nitrogen, hydrogen and helium in the temperature range from 3,000 K to 20,000 K and at 1 atmospheric pressure. Then, the equilibrium composites were used to calculate the thermodynamic properties such as the density and the specific heat. Next, the collision integrals of each two possible particles in the equilibrium system were calculated by selecting their suitable collision types and potentials. Those composite data and their collision integrals were finally used to calculate the viscosity and the thermal and electrical conductivities.
Equilibrium compositions 2.1 Calculation method
A chemical system will eventually reach its thermodynamic equilibrium state, which is usually described by the minimization of free energies. The minimization of Gibbs free energy was a clearly-defined physical principle in characterization of an equilibrium system especially when it is with constant temperature and constant pressure. Therefore, the minimization of Gibbs free energy was used to calculate the compositions in the plasmas in the range from 3,000-20,000 K at 1 atmospheric pressure on the assumption of thermal equilibrium and species homogenous.
Silver exists in the form of gas in this temperature range because its boiling temperature is 2,485 K. Species considered in the plasmas include: electron, neutral atom and molecule (including N 2 , N, H 2 , H, He and Ag), singly ionized particles (including N + 2 , H + , He + , Ag + ), doubly ionized nitrogen (N ++ ) and negatively charged particles (including N − and H − ). The silver concentration Y is defined as the ratio of moles of silver to that of all species when neither dissociation nor ionization happen; that is a molar concentration and can be easily transferred to mass concentration. For instance, the silver molar concentration in Ag-N 2 mixture plasma can be shown as in Eq. (1). Here, n j stands for the number density of the j th particle as previously described, and n 1 is specially used to describe the density of electrons as a convention.
To a system with constant temperature and constant pressure, Gibbs energy was defined to be the summation of the chemical potentials of all the individual particles. The chemical potential of a particle is determined by pressure, temperature and its chemical potential in standard state. Of them, the chemical potential in standard state needs to be determined by obtaining its enthalpy and entropy [21] and those two variables can only be calculated after knowing its partition function [21, 22] . The partition function is calculated according to its definition if the energy levels ε i and its statistical weight g i are known from the atom energy level data [23] . The equilibrium composite (i.e. n j ) then can be obtained by utilizing the calculation method and procedure given in Refs. [4, 24, 25] and therein.
Composites in the plasmas
Having known that the entropy and enthalpy of each species exists possibly in the plasma, we can calculate the equilibrium composite of the silver-nitrogen plasma with different silver concentrations in the temperature range of 3,000-20,000 K and at 1 atmospheric pressure by using a minimization of Gibbs free energy. Temperature evolutions of particle number densities when the silver concentration Y is 1%, 10%, 50%, 90% are selected and shown in Fig. 1 . In these figures, number densities of the electron are shown by a dotted line for comparison. Silver vapor plays an important role in increasing the number density of electrons, especially in the lower temperature regime (below 7,000 K when Y = 1%). For instance, the electron density increases for about 1700 times and 120 times at 5,000 K and 6,000 K, respectively. No obvious influence can be observed at the higher temperature. This is due to the lower ionization potential of the silver (E i =7.57 eV) than that of the nitrogen (E i =14.53 eV). The electron is provided mainly by the silver atom at low temperature, while the electron provided by the nitrogen dominates when ionization of the nitrogen begins at a relatively higher temperature. Moreover, the affiliation of electron and atomic nitrogen is accelerated because of the increased electron density at low temperature. However, the formed negative ionic nitrogen (N − ) has only a negligible influence on the thermal physical properties for its low number fraction. When the temperature is higher than 15,000 K, the ionization degree of silver atom reaches 100% and it no longer affects the number density of electrons. Moreover, the number densities of electrons in different silver concentrations are all 2×10 23 m −3 . The increment of electron density in the temperature range from 5,000 K to 8,000 K will lead the plasma to be orders of magnitude more electrically conductive, and it will be discussed in section 4.
The temperature that a nitrogen atom starts to be ionized is shown in Fig. 2 as well as those that ionization degrees of the silver atom and nitrogen atom reach 50%. The initial ionization temperature (here an ionization degree of 1 ppm is used as the starting point) increases from 6,000 K to 7,500 K as the silver concentration increases to 99%, whereas the 50% ionization (for silver) temperature increases from 5,700 K to 7,500 K. In this temperature range, silver ionization dominates the whole ionization process. In other words, the increment of the silver atom will take the right of being ionized from the nitrogen atom and eventually delay the ionization of the nitrogen atom. However, the silver increment cannot affect the 50% ionization temperature of the nitrogen atom, and the temperature remains 15,000 K. This is because the silver atoms have been fully ionized at this temperature. Temperature evolutions of equilibrium composites for plasma generated by hydrogen mixed with silver vapor by different concentrations, and the ones when Y is 1%, 10%, 50% and 90% are shown in Fig. 3(a) . The influence of silver vapor on hydrogen plasma is similar to that of nitrogen: 1) silver vapor increases the electron density in the low temperature range, whereas it has no effect on that of in the high temperature range, 2) increasing of silver concentration also delays the ionization of hydrogen atoms whereas it has no effect on the 50% ionization temperature of nitrogen atoms since the silver atoms are all ionized.
(a) silver-hydrogen plasma (b) silver-helium plasma Temperature evolutions of equilibrium composites for helium plasma mixed with silver by different concentrations, and the ones when Y is 1%, 10%, 50% and 90% were shown in Fig. 3(b) . It can be known that the ionization degree is relatively low compared to nitrogen and hydrogen, and it is still low even at 20,000 K, because the ionization potential of helium is as high as 24.59 V, so the ionization temperature should be rather high. Consequently, it is safe to say that the ionization process and the equilibrium composite of the mixture plasma are totally dominated by the silver vapor, and the ionization of helium can only be started after the ionization of silver is finished. Moreover, the ionization degree of helium at 20,000 K also decreases with the increment of electron density leading by the increasing silver vapor concentration.
3 Calculation methods
Calculation procedure
Mass density of plasma, as denoted by ρ, can be obtained by the summation of productions of number density and the mass of each particle according to its definition. The number density of each particle is shown in Figs. 1 and 3 and the mass of each particle can be obtained in Ref. [5] .
The specific heat of plasma, as denoted by C p , can be obtained through performing the temperature derivation of enthalpy h if enthalpy is calculated. And the enthalpy is determined by the mean mass of plasma, the molar fraction of each particle and the enthalpy of the particle [4] . The mean mass can be calculated by mass density, whereas the enthalpy of each particle was previously obtained during calculating the chemical potential. In order to obtain a smooth derivative curve for the specific heat on the condition of a temperature step of 100 K, the enthalpy was firstly fitted to a polynomial [4] and then the temperature derivation process was performed on this polynomial.
The viscosity of the plasma, as denoted by η, can be obtained by the first order approximation and only the contribution of heavy particles was taken into consideration, whereas the electron contribution was neglected for it is negligible. The calculation method and equation used in this paper come from Ref. [26] , and the collision integrals involved will be discussed in section 3.2. It should be pointed out that the viscosity cannot be obtained if the molar fraction of one of the particles is minor or negligible compared to the others. That particle should be excluded from the system to calculate the correct viscosity.
The electrical conductivity of the plasma, as denoted by σ, can be obtained through using the three order approximation equation given by Devoto in Ref. [27] .
The thermal conductivity of the plasma, as denoted by λ, consists of four parts according to the reasons leading to thermal conduction: an electron translational one (λ e ), a heavy particle translational one (λ H ), the internal thermal conductivity (λ int ) and the reaction conductivity (λ react ).
Among them, λ e is the thermo conducted by the translational motion of an electron in the plasma bulk.
It is related to the number density and the mass of the electron as well as its collision section with other particles. It can be calculated by using the third order approximation given in Ref. [27] . λ H is the thermo conducted by the translational motion of heavy particles (particles except electron) in the plasma bulk. It is related to the number density, the mass of heavy particles and its collision section with each other, it can be calculated by the second order approximation given by Muckenfuss and Curtiss [28] . λ int is calculated by the Hirschfelder-Eucken equation [19] . λ react is the thermo conducted by chemical reactions. For instance, there are 9 particles in silver-nitrogen plasma involved in 6 linear independent reactions as shown by Eq. (2). The stoichiometric coefficients of these six reactions construct a matrix of 6 rows and 9 columns, as shown in Table 1 . 
Collision integral
In order to calculate the transport coefficient of six plasmas such as N 2 , H 2 , He, Ag-N 2 , Ag-H 2 and Ag-He, there are 13 collisions between neutrals, 29 collisions between neutrals and ions, 26 collisions between ions, 6 collisions between electron and neutrons, and 9 collisions between electron and ions should be taken in to consideration. Collision integrals for those interactions should all be correctly specified.
a. Interactions between neutrals Data source and calculation methods for collision integrals of the 13 neutral-neutral interactions are shown in Table 2 . For interactions with known parameter L-J potentials like He-He and Ag-Ag, the collision integrals can be calculated by using the method and procedure given in Ref. [29] . For interactions with unknown parameter L-J potentials like those shown in Table 3 , there is no exact data found by now and Eq. (3) is used to obtain combining parameters for the L-J potentials, and then the same procedure as the previous one is used. N2-N, N2-N2 Exponential potential [7, 8] H-H, H2-H2 Interpolation of data from Ref. [10] H2-H Interpolation of data from Ref. [30] He-He L-J [20, 29] , ε/kB=10.22 K, σ=0.256 nm Ag-Ag L-J [20, 29] , ε/kB=8,000 K, σ=0.222 nm Others L-J potential with parameters in Table 3 [20] , l=2: polarization potential
All others like Polarization potential
Electric dipoles usually generated in neutrals once they are closed to charged particles, which is named polarization and this type of interaction is usually described by the polarization potential [31] . The collision integrals for interactions with polarization potential are calculated by using Eq. (4) [31] .
where, Z is the absolute charge number of the ion involved in the interaction, ε 0 is the dielectric constant in a vacuum, Γ(x) is the American definition of the Gamma function, A
4 are calculation coefficients and α is the polarizability of the neutral involved in the interaction and they are 1. Specially, for interactions between neutral and ions of the same element, i.e. X-X + interaction, on the condition of l=1, a particular calculation is necessary because of the charge exchanging during the interaction. Eq. (5) is used to calculate the collision cross section [20, 32] .
where, A and B are parameters listed in Table 4 for those kinds of interactions, ζ is a pure number related to s and it is calculated by using ζ = s+1 n=1 1 n − γ [33] , γ is a Euler constant and its value is 0.577215, and x is another constant and its value is ln(4R).
For simplification, for two interactions (namely H-H + and H 2 -H + 2 ) with known collision integrals like Ω (1, 1) and Ω (2, 2) and their fitted curves as reported in Ref. [9] , their other collision integrals like Ω (1, 2) and Ω (2, 3) can then be obtained by using the recursion shown by Eq. (6) [34] .
c. Interactions between charged particles There are three types of interactions between charged particles including ion-ion, electron-ion and electron-electron, and the force between two charged bodies is due to Coulomb's law. Therefore, these interactions are described by the Coulomb potential as shown in Eq. (7), and the calculation method is given in Ref. [34] .
where, Z 1 and Z 2 are the charge numbers of the two particles involved in the interaction, r is the distance between the two particles, and λ D is the Debye length and it is defined as λ D = k B T 4πn e e 2 only taking the electron-screening effect into consideration [8] . d. Interactions between electron and neutrals There are six interactions between electron and six neutrals. Of them, e-N and e-N 2 interactions are calculated by three steps: using the data of Ω (1, 1) and Ω (2, 2) from Ref. [34] , then fitting them to curves like in Ref. [9] , and finally making the recursion by using Eq. (6) to obtain collision integrals like Ω (1, 2) -Ω (1, 5) and Ω (2, 3) -Ω (2, 4) . For interactions including e-H and e-H 2 , a curve is firstly fitted according to Ref. [9] to calculate Ω (1, 1) and Ω (2, 2) , then the recursion is made by using Eq. (6) to obtain collision integrals like Ω (1, 2) -Ω (1, 5) and Ω (2, 3) -Ω (2, 4) . For an e-He interaction, momentum transfer section data given by Itikawa are integrated to obtain the collision integral, and for an e-Ag interaction, the data given in Ref. [34] are directly used and fitted to calculate all collision integrals under the assumption of Ω (1, 1) = Ω (2,2) .
Results and discussions

Silver-nitrogen plasma
Thermodynamic properties and transport coefficients of Ag-N 2 plasmas with different silver concentration are shown in Fig. 4 . Density of the plasma increases gradually with the increment of silver concentration because the atomic silver mass is about 4 times that of molecular nitrogen as shown in Fig. 4(a) .
The specific heats are shown in Fig. 4(b) , similar tendencies are shown in the curves with two partial peaks of which the peak at 7, 000 K is formed because of ionizations of atomic silver and molecular nitrogen whereas the peak at 15,000 K is generated because of the ionization of atomic nitrogen [20] . There is only one peak on the specific heat of the silver plasma and the other peak at 15,000 K disappears since no nitrogen atom exists.
Viscosities of the plasmas are shown in Fig. 4(c) , and it can be noted that 7,000 K is a critical temperature at which the silver concentration separates its positive or negative effects on the viscosity value. At a temperature region lower than 7,000 K, ionization of silver dominates and collision cross sections between silver and nitrogen atoms and between silver ions are relatively at a large value, which leads to a larger viscosity; whereas, at a temperature region higher than 7,000 K, silver is fully ionized and nitrogen dominates the ionization process, and the viscosity of Ag-N 2 should decrease because of the low absolute quantity of atomic and ionic nitrogen compared to that of in the pure nitrogen plasma. Transport coefficients of nitrogen plasma are deeply studied and reported by a majority of researchers, of them the data given by Murphy are typical [8] . Therefore, Murphy's data are used to make a comparison with our result to prove the correctness of the calculation method, procedure and program in this paper, and they are also shown in Fig. 4(c)-(e) . Exact consistence can be seen between these two viscosities of pure nitrogen except that a difference appears at the higher temperature.
Electrical conductivities are shown in Fig. 4 (d) with different silver concentrations, and they have orders of magnitude of increment in the whole temperature range studied because the silver is ready to be ionized even at a relatively low temperature and that ionization brings a large quantity of conductive electrons as shown in Fig. 3 . At temperatures lower than 8,000 K, even a 1% adding of silver will lead to hundreds of times of Fig.4 Results of silver-nitrogen plasma with different silver molar concentrations: (a) to density, (b) specific heat, (c) viscosity and its comparison, (d) electrical conductivity and its comparison, (e) thermal conductivity and its comparison and (f) component of the thermal conductivity of pure nitrogen. All comparisons are made with the result given by Murphy on pure nitrogen in Ref. [8] more conductivity for the plasma. The increment effect of silver on the electrical conductivity slows down after the temperature reaches 15,000 K at which the mixture plasmas are fully ionized. Fig. 4(e) shows thermal conductivities of the plasmas. The thermal conductivity apparently decreases as the silver concentration increases and the conductivity of pure silver plasma is very little and no apparent peaks are shown around 7,000 K and 15,000 K as that shown in the mixture of plasmas. From Fig. 4(f) , it can be known that the peaks are lead by the contribution of chemical reactions described in Eq. (2), in which great heat is transported by the reactions in the plasmas. Moreover, compared to Murphy's data, good consistence can be found on both thermal and electrical conductivities of pure nitrogen plasma.
Calculated data at a higher temperature mainly depend on the interactions between N and N + , the interaction integral used in Murphy's calculation is based on Ref. [36] and therein, and the integral data used in this paper are based on Ref. [7] . Take viscosity for example, our result is a little bit lower than Murphy's in this temperature range comparing Fig. 6 in Ref. [8] , whereas, Murphy's result is also relatively lower than the one calculated by using the interaction integral provided by Ref. [7] .
Silver-hydrogen plasma
Fig . 5 shows the thermodynamic properties and transport coefficients of silver-hydrogen plasma with different silver concentrations. The increment ratio on the density of plasma leading by silver concentration is much larger compared to that of in the silvernitrogen plasmas according to Fig. 5(a) , because there is a much larger difference between silver mass and hydrogen mass. The specific heat of silver-hydrogen plasma is shown in Fig. 5(b) , and the specific heat of hydrogen mixture plasma is approximately ten times higher than that of the nitrogen plasma. There are two partial peaks appearing on the specific heat curve, one is at 3,500 K at which the dissociation of molecular hydrogen dominates and the other is at 16,000 K at which the ionization of atomic hydrogen dominates the plasma process. The specific heat is greatly and rapidly attenuated by the silver concentration. At 16,000 K, the specific heat of the mixture plasma drops to more than 1/200 when the silver concentration is 90%, this is led by the heavier silver mass increasing the mean mass of the plasma in orders of magnitude. Fig. 5(c) shows the viscosities of the plasmas and it can be noted that the "critical temperature" is 8,000 K compared to 7,000 K in the nitrogen mixture plasmas as shown in Fig. 4(c) . There must be the same reason that is responsible for this phenomenon as described in section 4.1. The silver concentration keeps increasing the electrical conductivity of hydrogen mixture plasmas to orders of magnitude in the same way that it works in nitrogen ones until the temperature reaches 16,000 K. Thermal conductivities of the plasmas are shown in Fig. 5(e) , and they are also attenuated by the existence of silver concentration. Moreover, violent chemical reactions, such as the dissociation of molecular hydrogen at 3,500 K and the ionization of atomic hydrogen at 16,000 K, lead to two partial peaks on the curves of heat conductivity. 
Silver-helium plasma
The thermodynamic properties and the transport coefficients of silver-helium mixture plasmas are shown in Fig. 6 with different silver concentrations. Similar tendencies on the influences of the silver concentration on the mass density can be found in Fig. 6(a) with silvernitrogen plasmas and silver-hydrogen ones. Specific heat is shown in Fig. 6(b) , and in the lower temperature it keeps a constant since no dissociations can occur because the helium molecular is a single-atomic one and it starts to be ionized at temperatures as high as up to 12,000 K. The specific heat increases monotonically within the temperature range of ∼20,000 K at which there is only a small portion of helium ionized according to the composites shown in Fig. 3(b) . It can also be noted that the silver lowers the increment of the specific heat of helium plasmas in the higher temperature region whereas it brings partial peaks in the temperature range of around 7,500 K.
The viscosity of silver-helium plasma is shown in Fig. 6(c) , and silver has little effect on the viscosity of the plasmas at temperatures lower than 7,000 K (i.e. the critical temperature), whereas it decreases the viscosity of the plasma in a large quantity at higher temperatures because there is less and less helium quantitatively existing in the mixture due to the silver increasing. Similar tendencies on the electrical conductivity can be found with that of silver-nitrogen and silverhydrogen plasmas, because silver dominates the plasma process at the low temperature range and plenty of electrons are generated by the ionization of silver. Thermal conductivity is shown in Fig. 6 (e) and the existence of silver attenuates the thermal conductivity in the whole temperature range. Moreover, the chemical reaction on the conductivity starts its contribution to the thermal conductivity at 12,000 K at which ionization starts in a middle scale, and there is no peak even when the temperature reaches 20,000 K.
Summary
It can be seen from the previous analysis that the silver vapor existing in the plasma plays a great or even a dominant role in the equilibrium composites of the nitrogen, hydrogen and helium plasmas; consequently, it alternates the thermodynamic properties and transport coefficients to a great extent. Universally speaking, silver vapor monotonically enhanced both the mass density and the electrical conductivity of all the three mixture plasmas, whereas it monotonically drops the specific heat and thermal conductivity. There is a critical temperature around 7,500 K at which the vapor separates positive and negative effects on the viscosity in all three mixture plasmas. The viscosity always increases at temperatures lower than that critical temperature, whereas it is always attenuated by the silver vapor at temperatures higher than that temperature. Furthermore, in different regions in real arc plasma, not only the equilibrium composites but also the temperature varies from each other, therefore, it is necessary for a simulator to perform 2-dimensional interpolations Fig.6 Results of silver-helium plasma with silver concentration to obtain those properties and coefficients at the calculated region according to its temperature and silver vapor concentration.
Conclusions
a. Equilibrium composites are calculated for nitrogen, hydrogen and helium plasma mixed with silver vapor in the temperature range of 3,000 K to 20,000 K by using the minimization of Gibbs free energy after obtaining the partition function, energy level and statistical weight of each particle. It is found that silver vapor enhanced the number density of electrons in plasmas to orders of magnitude in the low temperature range whereas it does not affect the one in the high temperature range. Silver vapor decreases the ionization degree of the helium plasma.
b. Methods for calculating the collision integrals and the transport coefficients are given for 3 plasmas mixed with silver, and its correctness is proven by comparing the calculated nitrogen plasma coefficients with Murphy's results.
c. Silver vapor monotonically enhanced both the mass density and the electrical conductivity of all the three mixture plasmas, whereas it monotonically drops the specific heat and thermal conductivity.
d. A critical temperature around 7,500 K is found, at which silver vapor separates the positive and negative effect on the viscosity in all three plasmas. The viscosity increases at a lower temperature, whereas it is attenuated at temperatures higher than the critical temperature.
